Rare-earth-doped chalcogenide glass fiber lasers and amplifiers have great applicative potential in many fields since they are key elements in the near and medium-infrared (mid-IR) wavelength range. In this paper, a review, even if not exhaustive, on amplification and lasing obtained by employing rare-earth-doped chalcogenide photonic crystal fibers is reported. Materials, devices, and feasible applications in the mid-IR are briefly mentioned.
Introduction
The current laser market does not provide efficient sources in most of the mid-IR spectrum. In particular, the shortage in availability of powerful, coherent, robust, and compact laser sources at wavelength longer than 3 microns constitutes the major obstacle to a widespread advancement of mid-IR science and technology. During the last decades, a number of mid-IR laser sources have been developed but they have shown low conversion efficiency, limited beam quality; moreover they are complex, bulky, and expensive [1, 2] . In fact, the unfavorable temperature dependence of thermal and thermooptical parameters set limitations to the power scalability since the large heat load can lead to glass fracture, and the strong thermal lensing can promote pronounced spherical aberrations [1, 2] .
Over the last years, the continuing technological progress and innovations in lasing materials, in fabrication of sophisticated optical fibers and of beam-shaped high-power diode lasers have positioned the optical fiber technology as one of the most promising ones in order to develop a new generation of mid-IR sources [1, 2] . The compact footprint size, the rather cheap and simple maintenance, and the higher lasing efficiency make mid-IR fiber lasers attractive for ICT, industrial, and medical applications.
Silica-based fiber lasers have proved to be both efficient and compact sources in the near-IR wavelength range, but they are not able to provide mid-IR wavelengths because of their high phonon energy and their limited transparency beyond the wavelength of 2 μm. Various watt-level rareearth-doped ZBLAN fiber lasers, oscillating in the spectral region around 2.7 microns in the CW mode, have been developed [1, 3] . Recently, the highest single-mode output power of about 20 W has been obtained with an Er 3+ -doped fluoride glass fiber laser emitting at 2.8 μm [4] . In particular, a passively cooled setup, a 976 nm pump source, and a truncated circular pump cladding were employed. Moreover, a slope efficiency higher than the Stokes efficiency was achieved. This is the experimental confirmation of the pump energy recycling in a fiber laser. Ho 3+ -doped ZBLAN fiber is able to oscillate at 2.9 microns, but one of its significant shortcomings is the lack of ground state absorption that overlaps with conventional high-power pump sources [5] . As a result, the sensitization of Ho 3+ with Yb 3+ or Pr 3+ has been implemented in order to access the convenient absorption bands and to achieve higher output power without the costly requirement of an intermediate laser system [6] [7] [8] . Dy 3+ -doped ZBLAN fiber lasers also can oscillate at 2.9 micron, but their output power and slope efficiency are low [9] . The operation of lasers at 3.22, 3.45, and 3.95 microns has 2 International Journal of Optics been obtained by doping ZBLAN fiber with holmium and erbium, but an increasing of the pump threshold and some saturation of the output power have been observed [10] [11] [12] [13] . This problem combined with the use of unconventional pump sources has prevented the full utilization of these systems. As a consequence, it is clear that the fiber laser technology based on oxide and fluoride glasses is only useful for laser transitions up to 3 microns.
Advances in the fabrication of rare-earth-doped optical fibers based on chalcogenide glasses have dramatically pushed progress on active devices operating at wavelengths higher than 3 microns [14] [15] [16] [17] [18] . Chalcogenide glasses are chemically and mechanically durable, have a low toxicity, possess reasonably large glass-forming regions, and can be fabricated into low-loss fibers. Moreover, their high refractive index (2 ÷ 3) and low phonon energy (250 ÷ 400 cm −1 ) result in a larger radiative decay rates, high absorption and emission cross sections of radiative electronic transitions, and low nonradiative multiphonon relaxation rates. These properties result in high quantum efficiency [14] . The electronic energy levels of rare-earth ions allow a number of useful transitions from 2 to 12 microns. However, only a few glass hosts can efficiently activate transitions at longer wavelengths. The low phonon energy of the chalcogenide glasses enables an efficient laser transition between closely spaced electronic energy levels allowing many IR transitions. As an example, chalcogenide glasses make possible the radiative transition from 4 I 11/2 to 4 I 13/2 erbium energy levels, quenched by the multiphonon decay in silica glasses, and from 4 I 9/2 to 4 I 11/2 , quenched in fluoride glasses. Furthermore, the high rare earth solubility into several chalcogenide glasses facilitates the fabrication of efficient rare earth doped lasers and amplifiers since ion clustering and concentration quenching effects are minimized.
The chalcogenide glasses have been used to fabricate conventional optical fibers doped with a number of rare-earth ions for mid-IR luminescence [14, 15] . Unfortunately, the technology used to fabricate low-loss single-mode chalcogenide fibers in step-index configuration requires significant care and expertise. In fact, the different physical properties of the core and cladding glasses promote crystallization, bubbles, contamination at the core/cladding interface, and core ellipticity. Moreover, it is difficult to fabricate stepindex fibers having very small and very large mode area, because a fine control of the refractive index of the core and cladding cannot be obtained. In order to overcome these problems, the use of photonic crystal fiber (PCF) technology is a feasible and attractive solution. In fact, it eliminates the problems induced by the core/cladding interface since a single materials is used. In addition, the single-heating step used to make the PCFs allows both the reduction of the crystallization problems and fiber losses. Lastly, the high refractive index of the chalcogenide glass enables a better confinement of the light by using only a few rings of air holes [19, 20] . The first chalcogenide PCF made of only one ring of air holes was presented in [20] . Recently, progresses on the Ga 5 Ge 20 Sb 10 S 65 (2S2G) fiber fabrication using the "Stack and Draw" procedure were illustrated in order to build complex and regular PCFs made of several rings of holes [19] . Small-core PCFs made of chalcogenide glass 2S2G with single-mode operation for wavelength higher than 1550 nm have been obtained [21] . Moreover, the fabrication, linear and nonlinear optical characterization, and numerical simulations in the middle infrared of PCFs in different kinds of chalcogenide glass have been presented [16, 17, 19] .
Chalcogenide Photonic Crystal Fiber for Midinfrared Amplification
A number of different rare-earth elements, such as erbium, ytterbium, praseodymium, neodymium, samarium, and thulium, can be used to fabricate fiber amplifiers operating at different wavelengths. In particular, erbium doped fiber amplifiers (EDFAs) are nowadays available for long-haul communication systems, allowing to abandon the use of optoelectronic and electrooptical conversions of signals. These devices are very attractive because of their high gain, wide optical bandwidth, high output saturation, near quantum-limited noise, low insertion losses, high reliability and compactness, polarization independence, immunity to saturation-induced and to crosstalk, and possibility of choosing the pumping laser diode at 980 nm or 1480 nm wavelengths. Although this kind of technology is mature and widely employed, further researches are needed to obtain amplifiers with higher gain efficiency. The optimization of fiber transversal section is crucial to improve the amplifier performance in terms of gain, noise, and output power characteristics as well as device compactness and pump power consumption. In fact, in the rare-earth-doped devices, the fiber geometry strongly affects the pump intensity, the overlap of the pump, and the signal propagation modes with the doped core. As a consequence, it can lead to the suppression of the amplified spontaneous emission (ASE), the power scaling and the maximum inversion of rare-earth ions as well as to the reduction of the fiber length.
Sophisticated design methods and fabrication techniques have been developed to construct single-mode optical fiber amplifiers. To this aim, a fine control of refractive index profile of both core and cladding as well as more design flexibility of fiber cross section is needed. The conventional optical fibers are not able to completely respond to these requirements, while the PCF technology seems to be an attractive solution. A PCF is typically characterized by a transverse crystal lattice (usually periodically arranged) containing either air holes or glass strand running along the fiber axis. As a consequence, these fibers are different with respect to the conventional ones, and the main difference is in the refractive index profile of both core and cladding regions. The unique properties of PCFs are extremely attractive for a variety of rare-earth-doped fibers and devices because they enable more flexibility to control the interaction of both pump and signal modes with the rare-earth-doped host. In addition, the stacking procedure used to fabricate such fibers offers the possibility to accurately confine the rareearth dopant in the central region of the fiber where the pump and signal intensity peaks occur [15, 22, 23] .
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In addition to the solid-core PCF, typically exploited for both optical amplification and nonlinear applications, hollow-core photonic-bandgap-chalcogenide fibers for high power mid-IR laser transmission and power delivery have been successfully fabricated [15, 24] . As an example, Figure 1 shows two prototypes made by Naval Research Laboratory, Washington, USA [15] , to fabricate (a) photonic-bandgap fiber structures and (b) PCF structures. Moreover, the optimization procedure of both the cladding structure and the core size to obtain the overall losses lower than the material ones, the realization of a hollow-core PCF having six rings of air holes, and the comparison between experimental results and simulations are illustrated in [23] .
The well-known PCF technology, allowing endless single mode propagation and group velocity control, via a proper design, exhibits further intriguing potentials coupled to the broad-bandwidth transmission, typical of chalcogenide glasses. In addition, the high quantum efficiencies of the mid-IR transitions make rare-earth-doped chalcogenide fibers attractive alternatives to obtain black-body sources for generating emission in the 3-5 μm wavelength range.
As an example, Figure 2 shows a diode-pumped Pr 3+ -doped selenide glass fiber source, demonstrating broadband emission in the wavelength range 3-5 μm [15] .
On the basis of the optical and spectroscopic parameters measured on fabricated Er 3+ -doped solid core chalcogenide PCFs, the design of active devices in both near and mediuminfrared wavelength range has been numerically performed [25] [26] [27] . The feasibility of Er 3+ -doped, 2S2G chalcogenide glass has been demonstrated in order to obtain a highperformance optical amplifier in the third band of fiberoptic communication [25] . In particular, the gain and noise figure performances have been evaluated by varying numerous parameters such as doping region radius, erbium concentration, signal wavelength, input pump, and signal power. Figure 3(a) shows the image of the fabricated PCF considered in the simulations. Figures 3(b)-3(d) show the dependence of the optimal gain, optimal length, and noise figure as a function of the signal wavelength for the three different input pump powers. The effect of the variation of the erbium concentration, radius of the doped region, and the excited state absorption (ESA) at the pump wavelength on the amplifier characteristics has been investigated, too. In particular, the calculated optical gain of the optimized PCF amplifier, 2.79 m long, is close to 23 dB at the signal wavelength of 1.538 μm, by using a pump power of 200 mW and a signal power of 0.1 μW. This result indicates that the proposed fiber amplifier could be a good candidate in optical communication networks and systems. Therefore, by considering that (i) the high refractive index and the low phonon energy of the chalcogenide glass increase the efficiency of transitions among rare-earth energy levels; (ii) the excellent rare-earth solubility in chalcogenide glass allows high dopant concentration, without ion clustering and concentration quenching effects, fiber amplifiers based on chalcogenide glasses, operating at 1.5 μm, exhibit higher pump conversion efficiency and shorter fiber lengths than those based on silicate glasses. Moreover, simulation results regarding the propagation of pulse in Er 3+ -doped, Ga 5 Ge 20 Sb 10 S 65 chalcogenide glass amplifiers have been reported in a recent work [28] . The authors studied the effect of gain saturation on the propagation of fundamental dark soliton and verified that the dark soliton is more stable in the presence of gain saturation and gain dispersion effects. In particular, they showed that (i) bright solitons with energy less than the saturation energy are divided into many subpulses with time symmetry, (ii) bright solitons with energy close to the saturation energy are divided into many subpulses without time symmetry, and (iii) dark solitons in the absence of the gain saturation are amplified without creating any subpulses. These properties make possible the use of chalcogenide glasses for designing all optical devices.
Recently, a detailed spectroscopic study of Er 3+ -doped 2S2G glass has been illustrated [27] . This doped glass (i) facilitates the optical fiber drawing, since it presents suitable thermo-mechanical properties, (ii) provides a better solubilization, since it contains gallium, and (iii) enables efficient 4 I 11/2 → 4 I 13/2 (2.7 μm) and 4 I 9/2 → 4 I 11/2 (4.5 μm) mid-IR transitions. The radiative lifetime of 4 F 9/2 , 4 I 9/2 , 4 I 11/2 , and 4 I 13/2 energy levels and the related branching ratios are determined. The estimation of Er 3+ emission cross section in the mid-IR spectral range was 2.85 × 10 −25 m 2 at 4.6 μm. The 4 I 9/2 radiative quantum efficiency was estimated to be 64%. The propagation of fluorescence signals around 2.7 μm and, for the first time, around 4.6 μm was clearly observed in two 2G2S fibers doped with erbium ions under laser pumping at 804 nm. In Figure 4 are reported the fluorescence intensities in (a) near-IR and (b) mid-IR emission bands with 804 nm laser pumping of a 1000 ppm Er 3+ -doped 2S2G glass. The design and refinement criteria pertaining to the chalcogenide erbium-doped PCF amplifier based on a 2S2G Core/clad fiber (P pump = 0.1 kW/cm 2 ) Core only fiber (P pump = 3 kW/cm 2 ) Core/clad fiber (P pump = 0.1 kW/cm 2 ) Core only fiber (P pump = 3 kW/cm 2 ) (b) Figure 4 : Fluorescence spectra of 1000 ppm Er-doped 2S2G glasses pumped at 804 nm. (a) 1.5 and 1.7 μm emissions and (b) 4.5 μm emission from a bulk glass, 20 cm of a 400 μm diameter monoindex fiber, and 20 cm of a 60 μm core diameter double index fiber [24] . glass, allowing the operation at 4.5 μm, were illustrated in [26] . The absorption cross-section spectrum employed in the simulation has been experimentally measured. In particular, the fluorescence spectrum of Er 3+ ions around 4.5 m is experimentally recorded for a 10000 ppm-doped chalcogenide glass and the emission cross section of the 4 I 9/2 → 4 I 11/2 transition is then calculated using the Fuchtbauer-Ladenburg relation. High-gain PCF amplifier with gain values close to 30 dB, with a low value of noise figure and reduced fiber length has been theoretically demonstrated. A good amplification in the range 4.4-4.7 μm was calculated; thus the amplifier, opportunely optimized, could be employed in multichannel amplification application. These theoretical and experimental results demonstrate the suitability and goodness of the 2S2G chalcogenide glass as an attractive candidate to construct fiber amplifiers operating in the mid-IR spectral region.
The technological improvement in drawing chalcogenide fibers is an important research goal since soft glasses exhibit several drawbacks with respect to more conventional materials as silica or fluoride glasses. As an example, a new route to chalcogenide glass microstructured optical fibers (MOFs) was illustrated in [29] . The work demonstrated a flexible technology of great potential for new fiber devices from the far-visible to midinfrared. The approach was both scalable and adaptable. In particular, an As 40 Se 60 glass tube of 3.8 mm/10 mm internal diameter/outer diameter was cast by rotation. Into this tube were stacked eight fibers: one As Se fiber was located centrally to obtain the core; seven Ge As Se-As Se core-cladding (core-clad) fibers that were stacked around the core fiber. The aforesaid core-clad fibers were drawn from a preform prepared by coextrusion. The microstructured preform was drawn down to MOF.
The refinement of novel technological routes, developed even in other application fields, for example nonlinear optics, could find application also in the field of lasing\amplification. In [30] the authors presented a detailed design of a highly nonlinear chalcogenide core tellurite cladding composite microstructured fiber. The fabrication procedure for the microstructured fiber was illustrated. The applications to nonlinear phenomena were demonstrated by mean of a supercontinuum generation experiment. The application of nonlinear optics to lasing is apparent in the case of Raman amplification. The operation of a chalcogenide glass Raman fiber laser was reported in [31] . In the aforesaid work, to mitigate photoinduced effects and minimize impurity absorption, a 2051 nm Tm 3+ -doped silica fiber laser was employed as the pump source. First Stokes emission at 2062 nm was produced, an output power of 0.64 W and a slope efficiency of ∼66%. Second Stokes output at 2074 nm was produced when the fiber length was extended.
Chalcogenide Photonic Crystal Fiber for Midinfrared Sources
In medical and surgical applications the output laser properties such as power and wavelength are important aspects to be recognized. Beyond these ones, other practical quantities such as size, maintenance level, and input power requirements are essential features to be taken into account for a widespread use of the laser in the medical community. Moreover, other laser characteristics such as beam quality may be important for applications requiring precise and efficient ablation of hard and soft biological materials [32] [33] [34] . The recent technological progress in the development of lasing materials, in the fabrication of sophisticated optical fibers, and in the fabrication of beam-shaped high-power diode laser has positioned the infrared fiber laser as one of the most promising technologies in bioscience and medicine. In surgery: cardiology bloodless operations, on abdominal and thoracic organs, skull and brain microsurgery, corneal surgery. In diagnostics: endoscopic investigations, confocal scanning microscopy and optical coherence tomography. In therapy: the treatment of cancer, spider veins, and vascular dysfunction. In cosmetics and aesthetic medicine: smoothing wrinkles, resurfacing the skin, and bleaching tattoos [35] . Therefore, due to their inherent flexibility of physical principles and design, fiber lasers have enormous potential to bring new opportunities to biophotonics and biosciences.
Generally, a lot of medical applications require the midinfrared wavelengths, in the range 2 ÷ 10 μm. In particular, laser emitting in the 2-3 μm range has gained, in recent years, strong attention for accurate cutting, welding, removing, and coagulating of soft and hard biological tissues. Moreover, mid-IR laser is a promising technology for the study of biomolecules because most of these ones have a specific absorption in the mid-IR wavelength range, and the photon energies are an order of magnitude lower than those of UV lasers. Significant efforts have been done to develop mid-IR fiber lasers and amplifiers, but the high cost of fabricating fibers with sufficiently low losses in such wavelength range has slowed down the research efforts in this field. This is probably due to a lack of host materials having wide optical transparency, good drawing ability, low phonon energies of the glass matrix, good rare-earth solubility, suitable environmental durability, and mechanical properties.
Advances in the development of rare-earth-doped optical fiber based on chalcogenide glasses have dramatically pushed progress in mid-IR laser devices. In particular, the good midinfrared transparency permits them to scan the entire spectral range of biomolecules and the chalcogenide glass resistance to the chemical corrosion results in good biocompatibility with biological components.
The feasibility of a novel Er 3+ -doped chalcogenide PCF laser, operating at 4.5 μm, was shown [36] . In order to increase the pump efficiency, a theoretical investigation of an innovative cascade laser source operating at 4.5 m and 2.7 μm is performed by using the erbium ion concentration N Er = 7 × 10 26 ions/m 3 . Both erbium concentration and fiber length were optimized to provide the maximization of the output power for both two signal wavelengths. In particular, the numerical results indicated that a laser characterized by a slope efficiency close to the maximum theoretical one, low threshold pump power, short fiber length, and a wide tunability in the mid-IR wavelength range can be obtained. In conclusion, both the theoretical and experimental results demonstrated the suitability of the 2S2G chalcogenide glass as a very attractive candidate to construct fiber laser sources and amplifiers operating in the mid-IR spectral region. Moreover, the feasibility of a novel Er 3+ -doped 2S2G chalcogenide fiber laser, pumped at the wavelength 806 nm, designed in order to obtain high performance at the wavelength 4.5 μm, is investigated in [37] . In particular, the developed numerical code takes into account the erbium energy levels lifetimes, the emission and absorption cross section measured on 10000 ppm Er 3+ -doped 2S2G preliminary sample. The large potential of chalcogenide glass was also highlighted in the review work [38] , where it was briefly illustrated that the fiber laser configuration offers better beam quality than competing technologies, for example, than quantum cascade lasers and transition-metal-doped selenides, and more versatility for pulsed operation.
The performance of a continuous-wave Dy: GeAsGaSe chalcogenide glass fiber laser, in cascade configuration, operating at 4.2-4.7 m, was investigated via numerical modeling in [39] . Pump light at 1710 nm was coupled into the Dy: GeAsGaSe chalcogenide glass fiber. The Dy ions were promoted to the level 6 H 11/2 . Fluorescence from level 6 H 11/2 to the level 6 H 13/2 occurring between 4000 and 4800 nm was exploited to obtain the lasing via two fiber Bragg gratings. In addition, the other fluorescence from level 6 H 13/2 to the ground state occurring between 2700 and 3400 nm and the simultaneous lasing were considered by using two additional fiber Bragg gratings with the aim to improve 4600 nm emission. Figure 5 illustrates the output power versus the input pump power for a fiber length L = 2.1 m and propagation loss of 1 dB/m at all wavelengths. The inset highlights that the slope efficiency strongly can be strongly increased when the idler reaches 0.2 W.
A better understanding of the local RE-ion environment to obviate unwanted nonradiative decay will permit to improve chalcogenide laser performance. Also a better understanding of the impact of host chalcogenide glass native defects on the doped RE-ion fluorescence could be a key element to obtain more efficient chalcogenide lasers.
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It is well known that soft glasses as tellurite, bismuthoxide-based glasses, and chalcogenide glasses have intrinsic nonlinearities from 10 to 100 times than those of silica glass [39] . Moreover, the Raman gain coefficients of chalcogenide glass fibers are very high, ∼300 times than that of silica fibers, and the Brillouin gain coefficient is more than 2 orders of magnitude higher than that of silica-based fibers. They show low linear absorption, low two-photon absorption, and fast response time because of the absence of the freecarrier effects [30] . As a result, optical fibers made of such glasses, especially, chalcogenide glasses, are highly applicable for generating mid-IR nonlinear phenomena, short active fiber devices and achieving fiber Raman and Brillouin lasers [30, [40] [41] [42] [43] .
Nonlinear optical processes such as four-wave mixing, parametric oscillation, and supercontinuum generation require high nonlinearity and zero or low group velocity dispersion for applying in the efficient low power, shortlength fiber devices. Moreover, the group velocity dispersion is due by both the material and waveguide dispersion. Generally, because of the high refractive index, the dispersion of chalcogenide glasses originates mainly from the material dispersion and the zero-dispersion wavelength lies in the IR region, at longer wavelengths compared to silica and far from the wavelengths of conventional fiber-based pump lasers. Consequently, the use of nonsilica fibers to develop supercontinuum sources having an efficient spectral broadening up to the mid-IR often requires expensive and high-power pump lasers. The photonic crystal fiber technology seems to be a potential solution to these drawbacks since the design flexibility of the microstructure in the transverse plane can help the tuning of the chromatic dispersion, dispersion slope, relative dispersion slope, and zero-dispersion wavelength in a way which cannot be achieved by using conventional fibers. In fact, the number of holes, their sizes, shapes, orientations, and placements, as well as the nature of the bulk dielectric material and the refractive index of the inclusions can provide a number of possible variations enabling a fine control of the waveguide dispersion characteristics. In this way, the zero-dispersion wavelength can be tuned below 2 μm where cheaper diode-pumped solid-state lasers are commercially available. Recently, a midinfrared extension of supercontinuum has been experimentally demonstrated by using a suspended core chalcogenide fiber [44] . In particular, it has shown that by using a low-cost optical quasi-CW source at 1.53 μm, it is possible to extend a silica-based supercontinuum beyond 2.4 μm through the generation of a soliton gas inside an highly nonlinear silica fiber and its injection beyond the ZDW in a 50 cm-long chalcogenide suspended core PCF. Highly nonlinear chalcogenide core tellurite cladding composite microstructured fiber has been carefully designed and fabricated in order to achieve the zero-flattened chromatic dispersion with zero slope of the dispersion curve at 1.55 μm [30] . In particular, the nonlinear coefficient for the fabricated fiber is 9.3 m −1 W −1 at 1.55 μm. In addition, a supercontinuum spectrum of 20 dB bandwidth covering 0.80-2.40 μm was generated by this fiber.
Conclusion
The progress and the challenges, in fabricating rare-earthdoped chalcogenide-glass fibers for developing midinfrared fiber amplifiers and lasers, have been reviewed. Potential applications of midinfrared fiber lasers have been recalled. In particular, biomedicine and sensing will be strongly favored by these devices. New communication and remote sensing systems operating in unexplored atmosphere wavelength windows could become feasible. Further efforts in technology and glass purity will permit to obtain more efficient amplification and lasing and to fabricate reliable devices for the market.
